A Bioactive glass in the quaternary system SiO 2 -Na 2 O-CaO-P 2 O 5 was prepared from sand as precursor in place of alkoxysilanes such as tetraethyl orthosilicate (TEOS) and tetramethyl orthosilicate (TMOS). Sodium metasilicate extracted from the sand was processed to a gel via the sol-gel technique. The gel, after aging was dried at lower temperatures before sintering at 950 o C for 3 h to form Na 2 Ca 2 Si 3 O 9 crystals for enhanced mechanical property. The glass monolith was then subjected to standard in vitro bioactivity study in simulated body fluid (SBF) over 0-21 days. Characterization of the samples before and after immersion in SBF were performed using mechanical tester, scanning electron microscopy (SEM), energy dispersive X-ray (EDX), X-ray diffraction and Fourier transform infrared (FTIR) to evaluate compression strength, morphology, composition, diffraction patterns and chemical bonding respectively. The compression strength of the glass was 1.77 Mpa. The major crystalline phase was Na 2 Ca 2 Si 3 O 9 which, however, transformed to an amorphous phase in SBF while forming hydroxyapatite (HA) and hydroxycarbonate apatite (HCA). The material may be a useful candidate in the regeneration of trabecular bones.
Introduction
Synthetic bioactive glasses are unique for eliciting bone-bonding reactions when used in vivo and in vitro making them attractive materials for restoration of damaged or diseased tissues and bones. Consequently, effort is ongoing towards developing suitable glass materials tailored to achieve the main features for ideal bone tissue engineering scaffolds [1] [2] [3] [4] [5] [6] . Biological compatibility, appropriate mechanical strength and osteointegration properties are vital for optimal performance which should culminate in formation of hydroxycarbonated apatite HCA [6] [7] [8] [9] .
While formation of HCA layer is considered to be a useful step in bone regeneration process, other key factors include: critical concentrations of dissolution products from silicate-based bioactive glasses and gene expression [10] [11] [12] [13] .
Glasses based on Hench's 45S5 composition [14] [15] [16] have been widely studied for their mechanical properties and concomitant in vivo and in vitro bioactivity in relation to surface reactivity in body fluids. There are still challenges regarding mechanical properties, biodegradation and bioactivity [17] [18] [19] .
For glasses containing Na 2 O in the composition, sintering leads to the formation of Na 2 Ca 2 Si 3 O 9 crystalline phase which significantly improves their mechanical strength, while transforming to amorphous hydroxyapatite (HA) in SBF [6, [20] [21] [22] [23] . Significantly, those efforts have utilised tetraethyl orthosilicate [TEOS] as precursor [6, 8, [20] [21] [22] . Our aim in this work, therefore, is to use sand as a cheap silica source to obtain bioactive glass in the quaternary system SiO 2 -Na 2 O-CaO-P 2 O 5 and evaluate the transformation of the crystalline Na 2 Ca 2 Si 3 O 9 phase formed in simulated body fluid.
Materials and methods

Materials
The sand used as starting material was obtained from Ifo in Ogun State, South-West Nigeria and had a composition shown elsewhere [23] . Analytical grade reagents were used as obtained: NaNO 3 (Sigma-Aldrich, 99%), Ca(NO 3 
Preparation of bioactive glass
The procedure for preparing the glass with composition (mol %) 46.99 SiO 2 -24.36 Na 2 O-25.50 CaO-3.15 P 2 O 5 is a modification of Chen et al.'s [22] method of synthesizing sol-gel Bioglass® 45S5. Briefly, sodium metasilicate, obtained from the sand through a procedure reported previously [23] , was added slowly to stirred 0.05M HNO 3 and allowed for 1 h to complete the hydrolysis. Afterwards, to the mixture, NaNO 3 , H 3 PO 4 and Ca(NO 3 ) 2 ·4H 2 O were added sequentially for which molar ratio of water to all the four reagents were fixed at 20. Each reagent was allowed to react for 45 min after each addition. Thereafter, the final mixture was stirred for additional 1 h before transferring the resulting sol into teflon moulds and kept at room temperature for 72 h. The gel obtained was heated at as follows; 70°C for 72 h, 130°C for 42 h, 700°C for 2 h and 950°C for 3 h to age, dry, stabilize and sinter respectively. The heating and cooling rate was maintained at 5°C/min.
Characterization
The density ρ glass of the bioactive glass was determined from the mass and dimensions of the sintered body. The porosity P was calculated by 1 100
where density ρ s = 2.7 g/cm 3 is the theoretical density of 45S5 Bioglass® [24] .
The microstructure of the glass was characterized in a EVO/MAIO scanning electron microscope (SEM) equipped with energy dispersive X-ray analyzer (EDX) before and after immersion in simulated body fluid (SBF) for a maximum of 21 days. The samples were carboncoated and observed at an accelerating voltage of 15 kV.
Samples were characterized using X-ray diffraction (XRD) analysis after sintering and after each immersion experiment in SBF to investigate the glass phases present. The samples were first ground to powder, then 0.1 g of powder was measured in a PANalytical Empyrean X ray diffractometer using CuKα radiation source of wavelength (λ) = 0.154056 nm operated at 40 kV and 40 mA to obtain the diffraction patterns in the 2θ range from 5° -90°.
Fourier transform infrared (FTIR) spectroscopy was performed in a Shimadzu 8400S spectrometer with wavenumber range of 4000-400 cm -1 employing KBr pellets in a reflectance mode with a 4 cm -1 resolution to monitor the nature of chemical bonds present in the samples.
Measurement of mechanical Strength
The compression strength of the sintered bioactive glass was measured using a Testometric OL11 INR (Lancashire, England) mechanical tester at crosshead speed of 0.5 mm/min. The samples were cylindrical in shape with dimensions 12 mm x 24 mm (diameter x height). During the compression test, the load was applied until densification commenced. The compression strength was determined using the relation:
where σ c is the compression strength, F is the applied load at failure and r is the sample radius.
In vitro bioactivity test in simulated body fluid
Assessment of bone bonding ability was performed using the standard in vitro procedure [25] . The acellular simulated body fluid (SBF) was prepared using analytical grade reagents: NaCl, NaHCO 3 Table  1 . Samples were immersed in the SBF solution at a concentration of 0.01 g/ml in clean sterilised plastic bottles, which were initially washed using HCl and deionized water. The bottles were placed inside a thermostated incubator at a temperature of 36.5 o C at an initial pH of 7.4. The SBF solutions were not refreshed throughout the period of immersion to monitor pH of the solution daily for 14 days using a pH meter (Hanna, HI96107). The samples were extracted from the SBF solution after 7, 14 and 21 days respectively, rinsed with deionized water and left to dry at ambient temperature in a desiccator. Formation of apatite layer on the glass surface was monitored by SEM, EDX, XRD and FTIR. 
Results and discussion
Mechanical strength of the glass
The force-deflection curve obtained from compression test performed on the sintered sample is shown in Figure 1 . As observed, four major stages are visible. In the first stage, A, the material maintains a positive slope until a maximum stress is reached, then decreases temporarily due to cracking of the pore struts and closing up of the micropores, stage B. This regime is followed by stage C, where the forcedeflection curve rises again as material shows ability to bear higher load due to densification of the pores as more stress is applied on the material [21] . Finally, the material collapses completely under maximum stress, which is in agreement with general findings on the strength value of porous ceramics [8] . The glass under this study exhibited a compression strength of 1.77 MPa and a porosity of 77 %. This result is comparable to the compression strength of spongy bone (not the strut) which is in the range of 0.2-4 MPa [26] . Mechanical strength of spongy or trabecular bone is in the range 0.1 -16 Mpa, hence this material may find useful application as scaffold for trabecular bone [26, 27] . 
Morphology of glass
The SEM micrographs depicting the morphology of the glass before and after immersion in SBF are presented in Figure 2 . After sintering, the glass surface, as seen in Figure 2 (a), contains plate-like particles ranging from 1.67-3.55 μm which appear to completely cover the surface of the glass providing large surface area and surface roughness with few visible micropores. The large surface area and rough texture are crucial to promote absorption of biological metabolites as well as attachment and proliferation of bone progenitor cell on the material [28] [29] [30] . The shape and arrangement of the glass particles suggests good densification of the material, which is important in maximizing the glass mechanical strength. The EDX spectrum indicates the presence of all the chemical components in the various percentages as prepared.
After immersion in SBF for 7 days, tiny balls of HA are seen on the surface of the glass with few agglomerates, Figure 2 (b). As observed in the micrograph, the HA does not completely cover the glass surface leaving exposed areas. This is confirmed by the EDX which could still detect the presence of Si, but there is increase in the concentration of Ca and P due to formation of HA. As immersion period in SBF reached 14 days, the population of HA on the surface of the glass increased and became denser as observed in Figure 2(c) . Accordingly, the EDX records low concentration for Si, while P increases further due to increase apatite deposition. After 21 days of immersion in SBF, a thick apatite layer is seen in Figure 2 EDX. Furthermore, the concentration of P increased during this period resulting in a Ca/P atomic ratio of 1.70, which is close to the stoichiometric ratio of Ca/P of 1.67 in HA. Emergence of a small carbon peak is also visible in the EDX spectra after immersion for 21 days, which is an indication of the formation of HCA. The presence of Mg and Cl are also noticed in the EDX spectra, which can be attributed to insufficient rinse during extraction of the glass from the SBF solution after the various immersion periods. 
Diffraction patterns
The X-ray spectra of the glass are shown in Figure 3 . After sintering, the diffraction pattern contains sharp peaks which is identified as Na 2 Ca 2 Si 3 O 9 according to the standard PDF #22.1455 [21] and similar to those reported using TEOS for 45S5 Bioglass® at sintering temperature of 1000 o C for 2 hours [22, 31] . Improved mechanical properties of Na-containing glasses is attributed to the presence of Na 2 Ca 2 Si 3 O 9 formed during sintering [18, 21] . Thus, the plate-like microstructure observed earlier in Figure 2 (a) and the mechanical strength of the glass could be as a result of the presence of this phase.
After soaking in SBF for 7-14 days, Figure  3 [32, 33] . It is also observed that the glass transformed to nearly amorphous phase after 14 days of immersion. After 21 days most of the Na 2 Ca 2 Si 3 O 9 peaks had almost completely disappeared, the glass has become more amorphous, the HA peaks at 2θ 28.9 o and 2θ 39.8 o become sharper signalling the formation of crystalline HCA. This phase transformation is significant as the mechanically strong Na 2 Ca 2 Si 3 O 9 crystalline structure is able to transform to amorphous, an indication that the glass is biodegradable in biological environments [18] . Hence this transformation corroborates previous findings [21, 22, 34, 35] that the two normally irreconcilable properties: mechanical competence and biodegradability can be combined in a single scaffold for clinical application. 
FTIR assessment of bonds
The FTIR spectra of the bioactive glass before and after immersion in SBF are shown in Figure 4 . As observed before immersion in SBF, Figure 4 (a), there are prominent peaks at 3447, 1647, 1456, 1117, 920, 617, 527 and 471 cm -1 . The broad band between 3300 -3800 cm -1 centred at 3447 cm -1 is attributed to the presence of OH groups, which is further confirmed by the presence of water absorbed band around 1647 cm -1 . The band around 1456 cm -1 is attributed to the absorption of carbonate group (ν 3 ), while the sharp peak at 1117 and 920 cm -1 are associated with Si-O-Si vibrational modes [35] . The peak at 617 and 527 cm -1 are due to the crystalline phase in the sample [22] , and thus confirms the crystalline Na 2 Ca 2 Si 3 O 9 earlier identified by the XRD result (Figure 3) . The peak at 471 cm -1 is assigned to Si-O-Si bending vibrations. After 7 days, Figure 4(b) , the peak at 1456 cm -1 becomes more intense, while a new peak emerges at 577 cm -1 , considered for P-O bending mode, which is characteristic of HA. The peak at 577 cm -1 splits into two modes at 604 and 569 cm -1 after 14 days as shown in Figure 4(c) . This is characteristic of apatite crystalline phase [36] , suggesting the incorporation of CO 3 2-from the SBF solution into HA on the glass surface to form HCA. As immersion days increased to 21, Figure 4(d) , the twin peaks at 604 and 563 cm -1 become more intense due to increase in density of HCA on the surface of the glass. This therefore confirms the EDX result in Figure 2(d) which showed the appearance of a small peak of C attributed to HCA formation.
Reactivity of the glass in SBF
The reactivity of the glass evaluated from pH changes in SBF for the first 14 days is presented in Figure 5 . There is a steep rise in pH from the initial 7.4 to 8.6 during the first 4 days, which shows the ability of the glass to exchange alkali and alkaline earth ions (Na + and Ca 2+ ) rapidly with H + or H 3 O + ions in the SBF. This is in agreement with the first stage of the reaction of bioactive glasses in biological fluids [37] and also signifies the degradation capacity of the glass. After 4 days the pH increases slowly until 6 days because part of the released Ca from the glass is used to form CaO-P 2 O 5 , thus decreasing the release rate. Consequently HA precipitation occurred on the glass surface as shown earlier (Figure 2(b) ). As the soaking time reached 7 days the pH increase slowed further as more Ca is withdrawn from the SBF solution to develop more HA layers on the surface of the glass, confirming the increase in density of HA ( Figure  2(c) ). Finally, the pH reaches a saturated value of 9.3 after 13 days without increasing any further due to crystallization of HCA, whose mechanism is explained elsewhere [38] . 
